Mitochondria are cellular organelles regulating metabolism and cell death pathways. This study examined changes in mitochondrial membrane potential (DYm) throughout the stages of preimplantation development in mouse embryos conceived either in vivo or in vitro and human embryos donated to research from IVF. Embryos stained with the DYm-sensitive dye (JC-1) were quanti®ed for the ratio of high-to low-polarized mitochondria using a deconvolution microscope. Overall, mouse zygotes and early embryos contain a subset of high-polarized mitochondria with a progressive increase in the ratio of DYm observed with increasing cleavage. A transient increase in the ratio of high to low DYm was observed in in vivo fertilized 2-cell stage embryos, coincident with embryonic genome activation in the mouse, but not in 2-cell embryos obtained through IVF. We further observed that arrested mouse 2-cell embryos possessed an increased ratio of DYm compared with non-arrested embryos. In human 8-cell embryos we observed an increased ratio of high-to low-polarized mitochondria with increasing degrees of embryo fragmentation. We concluded that the pattern of mitochondrial membrane potential progressively changes throughout preimplantation development, and that an aberrant shift in DYm could contribute to, or is associated with, decreased developmental potential.
Introduction
Progression of fertilized mammalian oocytes through cleavage, blastocyst formation and implantation is dependent on the successful implementation of speci®c genetic and developmental programmes. Successful interaction of paternal and maternal gametes is required for normal embryonic development. The oocyte controls several important aspects of meiosis (Polanski, 1997) , fertilization and regulation of early cleavage, and modulates epigenetic development of the embryonic genome manifested later in embryogenesis (Latham and Sapienza, 1998) . Thus, variability in the quality of oocytes is re¯ected in embryonic developmental competence and in the high incidence of embryonic wastage observed in human IVF programmes (Bolton et al., 1989) . Maternal factors that could contribute to abnormal preimplantation development include cytoplasmic maternal mRNA, proteins, antioxidants and organelles, including mitochondria.
Mitochondria are the major source of energy in all eukaryotic cells, producing ATP through oxidative phosphorylation and the citric acid cycle. They regulate calcium homeostasis and modulate apoptosis through release of several cell death-inducing molecules (for general reviews see Lenaz et al., 2002; Ravagnan et al., 2002) . Almost all knowledge of the behaviour and function of mitochondria have been elucidated through the study of somatic cells.
The pattern of mitochondrial inheritance has a profound impact on development and reproductive performance (Smith and Alcivar, 1993) . In most mammalian species, mitochondria are exclusively maternally derived since the few sperm mitochondria that enter the oocyte at fertilization appear to be degraded (Sutovsky et al., 2000) or diluted out during sequential cleavage and cannot be detected at the blastocyst stage . Oocyte mitochondria display several unique features suggesting an undifferentiated phenotype. In cross-section, they appear spherical, contain a very dense matrix with a low number of cristae, have one haploid DNA molecule per organelle and possess low metabolic activity (Jansen and de Boer, 1998) . Upon fertilization and embryonic development, mitochondria undergo a maturation process characterized by a less dense matrix, and a slow change towards an elongated shape (Motta et al., 1988) . As this maturation process occurs in each individual mitochondrion, a mixed population of differentiated and undifferentiated mitochondria is present within the cells of the blastocyst (Plante and King, 1994) .
Each blastomere is entirely dependent on the energy produced from oocyte-inherited mitochondria, as embryonic mitochondria only resume transcription and gain replicative ability following the blastocyst stage (Smith and Alcivar, 1993; Cummins, 1998) . This dependence on maternal mitochondria therefore suggests that the number of mitochondria found in the oocyte at the time of ovulation could be critical to ensuing embryo development. Several studies on mtDNA copy number in both mouse (Piko and Taylor, 1987) and human (Steuerwald et al., 2000; Reynier et al., 2001 ) oocytes have indicated that a highly variable number of mtDNA molecules can be found in individual oocytes, with the average copy number being 100 000 for mouse and~220 000 for human, with the range in human oocytes being more highly variable. One conclusion that can be drawn is that not all oocytes, be they of mouse or human origin, will contain the same number of mtDNA molecules, and that this variable could affect reproductive performance and embryo quality.
As women age, the success rate of IVF falls, and recent evidence suggests that mitochondrial defects may in part be responsible for this decline in fertility. Increased maternal age is accompanied not only by mitochondrial mutations (Keefe et al., 1995) but it also affects mitochondrial function (Van Blerkom et al., 1995) , numerical density (Muller-Hocker et al., 1996; Steuerwald et al., 2000) and metabolic activity (Wilding et al., 2001 ). These observations are further supported by data showing that infusion of mitochondria-enriched cytoplasts to mouse oocytes resulted in apparent increases in ATP production (Van Blerkom et al., 1998) . In addition, Cohen et al. (1998) demonstrated that transfer of donor ooplasm to recipient human oocytes improves in vitro development of embryos for patients whose previous attempts at IVF had failed and results in mitochondrial heteroplasmy in the offspring . The results of these studies therefore suggest that the microinjected mitochondria remain viable and could in fact be contributing to ATP production of the embryo (Steuerwald et al., 2000) . There has been an increasing interest towards improving the understanding of the role of mitochondria in successful preimplantation development with a particular emphasis on clinical applications, and the ethical issues surrounding this form of treatment have been extensively debated (for review see Thorburn and Dahl, 2001; Hawes et al., 2002; St John, 2002) .
Mitochondrial membrane potential is a key indicator of cellular viability, as it re¯ects the pumping of hydrogen ions across the inner membrane during the process of electron transport and oxidative phosphorylation, the driving force behind ATP production. Through use of the lipophilic mitochondrial probe JC-1, which can be used to estimate changes in membrane potential (DYm), heterogeneity between DYm of individual mitochondria within a cell have been found in a wide range of somatic cell types (Diaz et al., 1999) and more recently in mouse and human female germ cells (Wilding et al., 2001; Van Blerkom et al., 2002) . The goal of the current study was to quantitatively evaluate DYm heterogenity and to determine changes in DYm throughout preimplantation development in both mouse and human embryos. Furthermore, we studied whether the mode of fertilization and the growth environment alters DYm in mouse embryos and assessed embryos with aberrant developmental potential to determine whether DYm and mitochondrial distribution could be implicated in the regulation of blastomere arrest or fragmentation.
Materials and methods

Embryo collection
In vivo fertilized embryos
The Mount Sinai Hospital Animal Care Committee approved all animal protocols and protocols were in compliance with standards for the ethical treatment of animals. ICR female mice 6±8 weeks old (n = 70; Harlan, USA) were superovulated using 5 IU of equine pregnant mare's serum gonadotrophin (obtained from NHPP, NIDDK and Dr A.F.Parlow) followed 48 h later by 5 IU of hCG (Wyeth, Canada). The mice were subsequently mated with ICR males of proven fertility and plugs were veri®ed the next morning.
In vivo fertilized embryos at the various preimplantation stages were retrieved from mated females immediately prior to analysis [at day 0.5, 1.5, 2, 2.5, 3 and 3.5 post-coitum (p.c.)]. For the 2-cell arrest experiments, zygotes were¯ushed at day 0.5 p.c. in modi®ed human tubal¯uid medium (mHTF; Irvine Scienti®c, USA) supplemented with 0.5% bovine serum albumin (BSA; Sigma, Canada). A subset of these zygotes was placed into HTF supplemented with 0.5% BSA while the remaining zygotes were washed and transferred to synthetic oviductal medium enriched with potassium (KSOM) with amino acids (Specialty Media, USA). Both groups of zygotes were cultured in a humidi®ed incubator at 37°C, 5% CO 2 for up to 48 h to assess the incidence of 2-cell arrest.
In vitro fertilized embryos
An ICR male of proven fertility was killed by cervical dislocation and the epididymides and vasa deferentia were removed and placed in 1 ml of HTF supplemented with 0.5% BSA. The epididymides were punctured with a needle and the sperm removed from the vas deferens. The suspension of sperm was placed in a humidi®ed incubator at 37°C, 5% CO 2 for 1 h in order to capacitate. The oocyte±cumulus cell complexes were retrieved from 6±8 week old ICR females (superovulated as above) 14 h post-hCG. The oocyte±cumulus cell complexes were placed in 500 ml HTF supplemented with 0.5% BSA to which 40 ml of capacitated sperm suspension was added. The fertilization dishes were incubated in a humidi®ed environment at 37°C, 5% CO 2 for 5 h, at which point the oocytes were washed free of sperm through several HTF and KSOM microdrops and were transferred to KSOM. The oocytes were cultured overnight and assessed for 2-cell cleavage the following morning. A subset of these embryos was analysed at the 2-cell stage and the remaining embryos were cultured in KSOM medium and analysed at subsequent preimplantation stages.
In order to control for the rate of parthenogenetic activation, the sperm suspension was heated to 56°C in order to disrupt the acrosome (Cozzi et al., 2001) . Treated sperm were found to have no motility and disrupted plasma membrane upon dual staining with 4,6-diamidino-2-phenylindole (DAPI; Sigma, Canada) and propidium iodide (Sigma) (data not shown). The heated sperm suspension was then used in the same manner as untreated sperm described above.
Human embryos
Spare human embryos donated to research were obtained from the Mount Sinai Hospital IVF Program with approval from the Mount Sinai Hospital Research Ethics Board. A total of 140 embryos was received over an 8 month period, and these embryos were successfully imaged and analysed using the DYm staining protocol described below. Samples were received between days 1 and 7 postretrieval, where day 0 was the day of retrieval. Samples were cultured in HTF for 72 h until the 6±8-cell stage, at which point they were switched to G2.2 (Vitrolife; Meditech, Canada). Culture conditions were 37°C, 5% CO 2, 90% N 2 and 5% O 2 until the time of analysis.
Mitochondrial membrane potential analysis JC-1 (5,5¢,6,6¢-tetrachloro-1,1¢,3,3¢-tetraethylbenzimidazoyl carbocyanine iodide, DePsipher Ô Kit TA700; R&D Systems Inc., USA) is a lipophilic cationic dye that enters the inner mitochondrial matrix in its monomeric form when the mitochondrial membrane is polarized (Reers et al., 1991 (Reers et al., , 1995 . When the mitochondrion has a high DYm, the dye crosses the membrane and forms Jaggregates, which appear red under UV light. If DYm is low, the dye remains in its monomeric form and¯uoresces green. There are two different forms of monomeric green staining: one is where the dye has crossed the mitochondrial membrane, which has a low potential, and the staining is punctate; when the mitochondria are dead, and hence have no DYm, the dye is excluded entirely from the mitochondria and results in diffuse green cytoplasmic staining.
The membrane-sensitive dye JC-1 was prepared at half the manufacturer's recommended concentration (0.5 ml DePsipher Ô , 900 ml ultrapure water, 100 ml reaction buffer and 10 ml stabilizer) from stock solutions directly prior to use. The dye was prewarmed in a 37°C water bath prior to addition to embryos, which were stained for 25 min in a humidi®ed incubator at 37°C, 5% CO 2 . Following staining, the embryos were individually washed and placed in 3 ml drops of mHTF supplemented with 0.5% BSA under light mineral oil (Specialty Media) in a Delta TPG Culture Dish (Bioptechs, USA). To verify the speci®city of JC-1 staining, mouse oocytes were imaged once, treated with the mitochondrial uncoupler carbonyl cyanide p-tri¯uoromethoxyphenylhydra-zone (40 mmol/l ®nal concentration, FCCP; Sigma) and subsequently imaged at 2 min intervals for a total of 14 min elapsed time. Samples were imaged on a deconvolution microscope (Olympus IX70; Applied Precision Inc., USA), using the Q20 objective under the¯uorescein isothiocyanate (FITC) and rhodamine isothiocyanate (RITC) ®lters. Optically sectioned images of the samples, where each section had a thickness of 2 mm, were obtained with 10 total sections visualized for each mouse embryo and a larger number of sections (up to 15) analysed for human embryos. Following imaging, mouse embryos were individually transferred to 10 ml drops of KSOM under light mineral oil and cultured in a humidi®ed incubator at 37°C, 5% CO 2 until the blastocyst stage. Between the time of imaging and the blastocyst stage, the embryos were evaluated at least once every 24 h to assess their developmental progress.
Acquired images were analysed using DeltaVision Software (Applied Precision Inc.), which allows for quanti®cation of signal intensity of the JC-1 stained embryo. The ratio of RITC (J-aggregate) to FITC (J-monomer) staining was determined for all sections of the embryo, from which an average ratio of Jaggregate to J-monomer staining for the entire embryo was determined.
Mitochondrial distribution in 2-cell embryos
Computer-based morphometry was used to identify precisely the image properties of 2-cell embryos imaged using deconvolution microscopy. Two main steps were involved in this process; image segmentation, a process that identi®es objects within the image, and image analysis, a process that determines the features of the identi®ed objects. Image segmentation was performed by ®rst applying an edge-oriented segmentation, followed by regionoriented segmentation, to the embryo image. Image analysis was focused on extracting image properties that could be used to differentiate between the groups of embryos. Since the goal was to identify possible differences in distribution patterns among 2-cell embryos, we implemented an image-feature extraction system using Matlab R12 software (MathWorks Inc., USA). The intensity of RITC and FITC channels was normalized in order to handle differential illumination of RITC and FITC images. The analysis was performed in steps; an edge detection algorithm was used to identify the outline of the embryo, 32 morphometric features (such as boundary coordinates, perimeter, area, convex hull, Euler number, and eccentricity) were extracted and sorted based on their power to differentiate, and the distribution of pixels within the embryo was analysed.
We have applied the case-based reasoning system TA3 (Jurisica et al., 1998 ) to quantitatively analyse differences in mitochondrial distribution. The analysis is based on assessing similarity among embryos using image features extracted from the embryo sections. Case-based reasoning is a process of remembering and re-using experience in the form of cases stored in a database. In our application, cases represented individual embryo sections, which were described by 32 extracted image features. We have analysed each embryo using the three middle sections most closely surrounding the nuclei using the convex hull attribute. During the analysis, we have measured similarity among image sections based on their representation using TA3 . In addition, we have con®rmed these results with a Binary TreeStructured Vector Quantization (BTSVQ) method (Sultan et al., 2002) . We have applied BTSVQ to cluster the embryos based on all 32 features extracted from individual embryo sections.
TUNEL
Terminal deoxynucleotidyl transferase-mediated dUDP nick-end labelling (TUNEL) assays were performed on embryos that reached the blastocyst stage. The blastocysts were ®xed in 4% paraformaldehyde and stored at ±20°C until analysis. Frozen slides were defrosted, washed in PBS and subjected to TUNEL analysis as previously described (Jurisicova et al., 1998) . The TUNEL-stained blastocysts were imaged on the deconvolution microscope using the RITC and DAPI ®lters. Total cell counts as well as cells positive for TUNEL or displaying condensed chromatin as evidenced by DAPI staining were counted on captured images.
Statistics
JC-1 staining intensity data were subjected to Kruskal±Wallis one-way analysis of variance (ANOVA) on ranks followed by Dunn's test to evaluate the signi®cance of the results within pairs of groups. Two-way ANOVA was used to determine signi®cance between the TUNEL counts, percentage condensed chromatin and cell counts between treatment groups. The rate of 2-cell arrest was tested for signi®cance using the c 2 -test, while statistical differences in observations of mitochondrial distribution were tested with Fisher's exact test and McNemar's test (SigmaStat 1.0; Jandel Scienti®c Corp., USA).
Results
Mouse embryo results
Mitochondrial membrane potential
Speci®city of mitochondrial staining by JC-1 was veri®ed through FCCP treatment of stained oocytes, resulting in marked decreases in DYm and the intensity of RITC staining. The level of FITC staining remained fairly constant throughout the imaging time, indicating that the RITC JC-1 staining was speci®c to mitochondria with a polarized membrane potential (data not shown) (Van Blerkom et al., 2000; Wilding et al., 2001) . This dye was used to stain two pro®les of mouse preimplantation development, in vivo and in vitro fertilized, and spare human embryos donated to research ( Figure 1A±L ).
In vivo fertilized embryos
Experiments performed with the in vivo fertilized and developed group of embryos (see Figure 2A ) revealed dramatic changes in DYm associated with individual developmental stages. A substantial increase (P < 0.05) in DYm was observed between the zygote (n = 27) and 2-cell stage (n = 26), followed by a sudden decrease at the 4-cell stage (n = 19, P < 0.05). A gradual increase was seen between the 4-cell stage and blastocyst stage (n = 20), which showed signi®cantly higher potential (P < 0.05) when compared with zygotes, 4-cell and 8-cell stages (n = 21), although the increase was not signi®cant compared with the 2-cell stage or the compacted morula stage (n = 28).
In vitro fertilized
The fertilization in vitro was successful, as on average 59% (283/473) of the oocytes cleaved to the 2-cell stage 21 h following insemination. Only 2.2% (3/136) of oocytes that were inseminated with heated sperm cleaved to the 2-cell stage, indicating that a very small percentage of the embryos studied could have been parthenogenetically activated. A subset of IVF embryos was not manipulated but followed as controls in culture, where 59% (47/80) reached the blastocyst stage.
In order to overcome variability in DYm ratios caused by IVF, we increased the sample size in several of the early developmental stages. Analysis of the overall pro®le of DYm obtained from in vitro fertilized embryos ( Figure 2B) showed differences compared to the in vivo fertilized embryos, especially in the early cleavage stages. There was no change in DYm between the zygote (n = 19) and 4-cell stage (n = 48), followed by a rise at the 8-cell stage (n = 40), reaching its maximum value at the blastocyst stage (n = 25), similar to the pro®le described for the late preimplantation stages in the in vivo fertilized embryos. Blastocysts had a signi®cantly (P < 0.05) higher DYm than all other stages, with the only other signi®cant increase in DYm being the compacted morula (n = 19) versus the 4-cell stage. Interestingly, the increase in DYm seen at the 2-cell stage in the in vivo fertilized embryos, which coincides with activation of the embryonic genome and mtDNA transcription (Piko and Taylor, 1987) , was not seen in the in vitro fertilized 2-cell embryos (n = 44).
Comparison of stages across groups
Comparison of JC-1 levels at all embryo stages between the two modes of fertilization yielded interesting differences ( Figure 2C ). Those embryos that were in vitro fertilized and assessed at the zygote stage did show a signi®cant (P < 0.05) 25% elevation in DYm when compared with zygotes fertilized in vivo. Interestingly, 2-cell in vitro fertilized embryos showed a signi®cant 40% de®cit in DYm when compared with in vivo fertilized 2-cell embryos, indicating that the increase in DYm found in in vitro fertilized zygotes is lost by the 2-cell stage. At the 8-cell stage, there was a signi®cant (P < 0.05) 30% increase in DYm in the in vivo fertilized embryos. By the compacted morula and blastocyst stages, there were no statistically signi®cant differences in DYm between the two groups, probably due to the large variance within the samples.
Mitochondrial distribution
Mitochondrial distribution was also assessed at the 2-cell stage for the in vivo and in vitro fertilized groups. Two researchers independently performed qualitative analysis of JC-1 staining where the pattern of Jaggregate staining was diffuse in both groups of embryos. A pattern of perinuclear clustering of low polarized mitochondria (J-monomer staining) was observed in 10/44 in vitro fertilized, but only in 1/26 in vivo fertilized, 2-cell embryos suggesting that differences exist in the subcellular localization of mitochondria between these two groups of embryos. We performed computer-aided image analysis using the convex hull parameter as the determinant of mitochondrial distribution. High correlation was observed in staining within each group at respective wavelengths (~86%) while the overall correlation between the groups was low (~14%). The image analysis therefore con®rmed that differences in the mitochondrial distribution pattern do exist. This was further con®rmed when we used case-based reasoning to analyse differences in the distribution of mitochondria using graphical representation of similarities, which clearly partitioned the two subgroups of embryos (data not shown). These results suggest that the mode of fertilization and/or the environment in which the early embryo is cultured directly affects DYm at certain stages and the distribution of the differentially polarized mitochondria at the 2-cell stage.
TUNEL
This assay was used for determination of possible apoptotic cells through incorporation of dUTP at the site of DNA strand breaks, a hallmark of apoptosis. The ®xed blastocysts were also counterstained with DAPI to determine the DNA pattern in the nucleus, where condensed chromatin is another indicator of cell death. Through these two means, the total cell numbers and incidence of cell death were determined for embryos that had been both in vivo and in vitro fertilized (Table I) .
The cell numbers for in vivo fertilized embryos, retrieved at the blastocyst stage at day 3.5 p.c., was lower (31T 2) than the average cell number of blastocysts that were in vitro fertilized (62 T 7) and cultured until day 4.25 p.c. due to a 12±18 h developmental delay in reaching the blastocyst stage in in vitro culture.
All embryos analysed by JC-1 were returned to culture and assessed to determine whether the use of JC-1 had a detrimental effect on subsequent embryo development. 62% of in vitro fertilized embryos and 57% of in vivo fertilized embryos exposed to JC-1 reached the blastocyst stage. There was no correlation between DYm at the pronuclear or 2-cell stage and developmental potential (data not shown). Furthermore, embryos that were analysed with JC-1 and Table I . Cell death frequency in mouse blastocysts was analysed using both condensed chromatin and TUNEL for the incidence of cell death No statistically signi®cant differences were found using two-way ANOVA.
cultured following analysis were ®xed at the blastocyst stage and subjected to DAPI/TUNEL analysis. Although the percentage of TUNEL-positive cells from in vivo fertilized blastocysts was not different, blastocysts that were in vitro fertilized and cultured had a higher frequency of cells with condensed chromatin, although this difference did not reach statistical signi®cance. This increase in cell death incidence with fertilization in vitro supports our previous ®ndings using the same protocol (Jurisicova et al., 1998) . While there was no observable detrimental effect of JC-1 on the frequency of blastocyst formation in in vitro cultured embryos, there were negative effects on cell viability. Both in vivo and in vitro fertilized embryos that were stained with JC-1 had a higher percentage of DAPI-positive cells with condensed chromatin than non-manipulated cultured embryos, but this increase was not statistically signi®cant. These results suggest that while JC-1-stained embryos are competent to develop to the blastocyst stage under these analysis conditions, this assay results in an increased incidence of cell death.
In vitro arrest
A cohort of ICR zygotes was¯ushed on day 0.5 p.c. and cultured in HTF medium, which is known to cause 2-cell arrest in this particular strain of mice. The frequency of 2-cell arrest under these conditions was 42.2% (n = 96), in comparison with an incidence of 18% arrest (n = 230) when zygotes are cultured in KSOM medium ( Figure 3A) . Subsets of 2-cell embryos from each of these culture conditions were analysed with JC-1 44 h after hCG. We considered embryos that failed to cleave within 64 h post-hCG to be arrested at the 2-cell stage. These embryos were analysed at~68 h post-hCG, to determine whether differences in DYm exist between those embryos that arrest and those that carry on through cleavage ( Figure 3B ). It was found that the embryos cultured in KSOM (n = 44) had a signi®cantly (P < 0.05) lower level of mitochondrial membrane potential when compared with 2-cell embryos cultured in HTF. While there was a trend towards increased mitochondrial membrane potential in the arrested 2-cell embryos at 68 h post-hCG (n = 20), this trend did not reach signi®cance against the HTF group analysed at the earlier time point (n = 22), suggesting that changes in mitochondrial activity precede developmental arrest. It is important to note that embryos cultured in HTF (at 44 h after hCG) consisted of a mixed population of nonarrested and arrested embryos, since it was not possible to distinguish between the two populations at the time of analysis.
Moreover, subcellular distribution of JC-1 staining of 2-cell embryos was also altered. We speci®cally looked for differences between those 2-cell embryos that arrested and those that continued through development. Two researchers independently performed qualitative analysis of the embryos (Table II) . The pattern of FITC staining was different between the 2-cell embryos that were developmentally competent and those that arrested, with an increased prevalence of perinuclear clustering of low polarized mitochondria in the arrested embryos. Staining of high-polarized mitochondria was not qualitatively different between the three groups, as all exhibited combinations of pericortical and diffuse cytoplasmic staining. These observations were more comprehensively assessed using an image analysis program that had we developed ( Figure 4A±F ). Similarities between the developmentally competent and arrested 2-cell embryos were determined and have been presented both graphically and numerically. Graphically, as seen in Figure 4G , there was a minor correlation between the distribution of mitochondria in the HTF cultured 2-cells using all 32 extracted image features, independent of developmental competence. The most signi®cant correlation between groups was present in the HTF and KSOM 2-cell embryos, suggesting that developmentally competent embryos have similar mitochondrial distribution patterns irrespective of culture media. Analysis using our BTSVQ clustering algorithm (data not shown) also supported similarity of the KSOM and HTF cultured embryos, with the arrested 2-cell embryos not ®tting the same pro®le as the developmentally competent KSOM and HTF cultured embryos. Similarity in patterns was further determined for both J-aggregate and J-monomer staining between the three groups by using mitochondrial distribution as determined by the convex hull parameter. The mitochondrial distribution pattern of HTF arrested embryos was used for comparison against both the HTF and KSOM cultured groups. The percentage correlation of the J-monomers (FITC) was high within the HTF arrested 2-cell population (76.8%) and was lower when compared to both the HTF (18.8%) and KSOM (4.5%) cultured embryos. On the J- Qualitative analysis of mitochondrial distribution by JC-1 staining of mouse 2-cell embryos. 2-Cell embryos were assessed for the localization of low-(FITC) and high-(RITC) polarized mitochondria. Evaluation of FITC and RITC staining patterns indicated that perinuclear staining of low-polarized mitochondria occurs more frequently in arrested embryos. Distribution of RITC-stained mitochondria appeared to be similar in all three embryo groups, and no statistically signi®cant differences were observed. Statistical analysis using Fisher's exact test indicated a signi®cant difference (P = 0.008) between the potassium-enriched synthetic oviductal medium (KSOM) and human tubal¯uid (HTF) arrested groups on the FITC channel as indicated by the different superscript letters. showing a relationship between JC-1 staining in the KSOM, HTF and HTF arrested 2-cell embryos. Embryos 1±20 are HTF cultured, 21±39 are HTF arrested, and 40±61 are KSOM cultured. The colour map corresponds to the scale of correlation coef®cients; non-correlated data display a coef®cient of zero (light blue), negative correlation dark blue, and positive correlation ranging from yellow to red. The diagonal of the symmetric correlation matrix represents self-correlation and thus is equal to 1 (dark red). aggregate (RITC) channel, similarities were again present within the arrested 2-cell embryos (65.9%) and lower in both the HTF (31.0%) and KSOM cultured embryos (3.2%). The high self-correlation of mitochondrial distribution in HTF arrested embryos suggests a common distribution pattern in developmentally incompetent embryos. Results from the computer analysis indicate that large differences exist in J-aggregate and J-monomer mitochondrial distribution between those 2-cell embryos that are developmentally competent and those that arrest.
Human embryo results
Mitochondrial membrane potential analysis
All human samples were analysed for DYm using JC-1 (Figure 1M±  R) . Unfortunately, all human embryos were arrested or fragmented poor quality embryos (n = 140), while the mouse experiments allowed analysis of good quality samples. Abnormally fertilized pronuclear stage embryos (n = 21, 18.6 T 4.54% degree of fragmentation) were found to have ratios of RITC to FITC¯uorescence approximately equal to the arrested 1±3-cell embryos (n = 17, 30.8 T 7.33% degree of fragmentation) ( Figure 5A ). In the 4±6-cell stage embryos (n = 19, 40.6 T 5.9% degree of fragmentation) and 8-cell embryos (n = 64, 45.9 T 2.3% degree of fragmentation), there was an extremely high ratio of mitochondria with elevated DYm. Since we had a large number of 8-cell embryos for analysis, the quanti®ed DYm in this group was further broken down by the percentage fragmentation ( Figure 5B ) as follows: 20% (n = 15), 40% (n = 23), 60% (n = 13), and 80% (n = 7). There was a trend towards increased DYm with increased levels of fragmentation, suggesting that cellular fragmentation is associated with elevated DYm.
Discussion
Mitochondrial membrane potential
DYm is used as an indicator of mitochondrial health, since this measure of ion transport re¯ects metabolic activity and integrity of the mitochondrial membrane. Changes in DYm with embryo development may therefore be indicative of necessary changes in mitochondrial metabolic activity with embryo cleavage. Our observations of DYm heterogeneity within the population of mitochondria in preimplantation stage embryos are in agreement with several other studies (Wilding et al., 2001; Van Blerkom et al., 2002) . Interestingly, using a mouse model we observed that changes in DYm associated with progression of embryos through preimplantation development coincide with important developmental milestones.
Oocyte mitochondria and pre-compaction stage embryos have been shown to have low levels of metabolic activity (Van Blerkom et al., 1995) , low respiratory rates and O 2 consumption Thompson et al., 1996; Trimarchi et al., 2000) and limited glucose metabolism (Biggers et al., 1967; Leese and Barton, 1984) . These metabolic parameters change as embryo division proceeds, with post-compaction embryos displaying a marked increase in O 2 consumption (Trimarchi et al., 2000) and a switch towards glucose utilization (Gardner, 1998) . Since there is no mitochondrial replication until the blastocyst stage (Piko and Taylor, 1987; Jansen and de Boer, 1998) , the initial population of mitochondria must be partitioned and the metabolic activity of the smaller population of mitochondria per cell must increase to meet the increasing demands of cellular activity. This in turn would require recruitment of some quiescent mitochondria into an active subset leading to an overall increase in the ratio of high to low DYm as found here. Although there is no de®nitive correlation between DYm and mitochondrial activity in somatic cells (Richter et al., 1996; Diaz et al., 1999) , many mitochondrial functions, including protein import, ATP generation and lipid biogenesis, depend on the maintenance of DYm (Voisine et al., 1999) . It is therefore plausible that the trend towards an increase in DYm may be necessary to support the changing metabolic demands of the preimplantation embryo.
Other studies of mitochondrial morphology in human oocytes and preimplantation embryos indirectly support our ®ndings of increasing DYm with embryo cleavage. Throughout oocyte development, from the primordial germ cell to the mature oocyte, mitochondria undergo many spatial and morphological changes (Motta et al., 1988) , with all changes leading towards a more differentiated mitochondrial phenotype. Further, post-fertilization alterations involve a gradual transition to a more elongated shape and an increase in the number of cristae (Dvorak and Tesarik, 1985; Jansen and de Boer, 1998) . Not all mitochondria mature at the same rate, suggesting that individual mitochondria may respond to intracellular signals differentially (Jansen and de Boer, 1998) , further supporting the concept of mitochondrial heterogeneity. Marked changes in mitochondrial morphology occur at the 8-cell stage in humans, coincident with embryonic genome activation (Dvorak and Tesarik, 1985 ; Above ratios were computed through obtaining a ratio of J-aggregate to J-monomer staining for each individual embryo section, averaged per embryo and then averaged among embryos from the same stage of development. Bars represent the mean T SEM of individual embryos. Each data set was tested for signi®cance using the Kruskal±Wallis ANOVA on ranks followed by Dunn's test; there were no signi®cant differences between the groups. Sathananthan and Trounson, 2000) . These variations in structure not only coincide with changes in embryonic genome activation but also with a switch in the metabolic substrates from pyruvate and lactate to glucose (Braude et al., 1988) , suggesting that the morphological changes may be a result of a change in metabolic activity and energy substrates. The altered mitochondrial morphology throughout preimplantation development is therefore consistent with our ®ndings of increased DYm with advanced development, concomitant with the differentiation of mitochondria to an ampli®ed number of cristae and a boost in metabolic activity.
While a gradual increase in DYm with advancing development is to be expected, the degree to which changes in the mitochondrial membrane potential occurs could also be indicative of physiological disturbances in development. In examining the DYm changes in in vivo fertilized mouse embryos (Figure 2A) , two features are striking: the high ratio DYm at the 2-cell stage, and the subsequent gradual increase in DYm from the 4-cell stage through to the blastocyst stage. As the 2-cell stage is the time of activation of the mouse embryonic genome (Prather and First, 1988) , it could possibly explain the need for a transient increase in DYm in order to satisfy the metabolic demands of the embryo. Additionally, it is important to note that this increase is not present in in vitro fertilized embryos, despite the fact that they were cultured in the media most agreeable with mouse embryo development (Ho et al., 1995) . Perhaps this lack of increase in DYm re¯ects the arti®cial environment, compared with in vivo fertilization, which is associated with decreased developmental potential of IVF in human embryos (Quinn et al., 1984) .
While the transient increase in DYm at the 2-cell stage in mouse embryos may be necessary for concurrent activation of the embryonic genome, other results suggest that aberrant increases in the ratio of mitochondria with high to low membrane potential are detrimental. In examining the effects of increased degrees of fragmentation in human 8-cell embryos, it is obvious that an increase in DYm accompanied the increase in degree of embryo fragmentation. Similar results were also observed in fragmented mouse oocytes and embryos (B.M.Acton and A.Jurisicova, unpublished observations). While measurement of DYm has been used to study somatic cells under a number of pathological conditions, including hypoxia, apoptosis and anoxia (Diaz et al., 1999) , the connection between apoptosis and DYm remains unclear. Experiments have provided mixed results as to whether opening of the mitochondrial permeability transition pore during apoptosis causes a loss of mitochondrial membrane potential Zamzami et al., 1996) or whether DYm (Ankarcrona et al., 1995) or a functional electron transport chain (Jia et al., 1997) is maintained for ATP requirements by the cell undergoing apoptosis. While the mitochondrial membrane potential is sustained in somatic cells undergoing induced apoptosis, the remaining high-polarized mitochondria of late apoptotic cells represent only a fraction of the mitochondria originally found in the cell, the majority of which have been degraded (Diaz et al., 1999) . These last results support experiments performed in fragmented human embryos, which were shown to have decreased ATP (Van Blerkom et al., 1995) despite an increase in DYm as shown in this study. Since we are measuring the ratio between high and low potential mitochondria, increases in this ratio could come about through either an increase in the number of high-polarized mitochondria or a decrease in the number of mitochondria with low polarity through degradation resulting from apoptosis. A further complicating factor is that the human embryos were examined following their cellular deterioration; therefore at the present time, we cannot determine whether changes in DYm precede or are a consequence of fragmentation.
The mitochondrial membrane potential developmental pro®les created in both the mouse and human suggest that there are optimal ratios of DYm at each developmental stage. Embryos, or even individual blastomeres, with ratios that do not fall within a so-called metabolically acceptable range may experience developmental dif®-culties. Aberrant increases in the ratio could disrupt the normal developmental pathway and perhaps result in fragmentation. In addition, the lack of healthy human 8-cell embryos for study does not allow direct con®rmation of this hypothesis. Conversely, embryos or blastomeres that are lacking in mitochondria with high DYm could have de®ciencies in mitochondria-speci®c functions, such as oxidative phosphorylation, electron transport or mitochondrial membrane integrity that could impair their developmental competence. This may be consistent with the observation that fragmented embryos generate more reactive oxygen species (Yang et al., 1998) , which could be a consequence of an increased metabolic activity or an underlying reason for the generation of mtDNA mutations, which would in turn trigger cell death manifested by hyperpolarization of mitochondria.
Mitochondrial distribution
Localization of mitochondria is also of key importance in embryo development as it is altered in embryos that are developmentally compromised. Reports of mitochondrial distribution at the 2-cell stage of mouse and rat embryos suggest that these organelles are homogeneously distributed throughout the cytoplasm (Batten et al., 1987; Muggleton-Harris and Brown, 1988; Matsumoto et al., 1998) . Embryos from some strains of mice are prone to in vitro arrest, however, and they have been shown to exhibit nuclear mitochondrial clustering at the 2-cell stage (Muggleton-Harris and Brown, 1988) . At the present time, the molecular pathways resulting in 2-cell arrest have not been elucidated and therefore mitochondrial clustering may not necessarily be related to the inability to develop in vitro (Bavister and Squirrell, 2000) . Extensive studies in hamster embryos have shown that mitochondrial relocalization is critical to developmental competence of the embryo and that substances which block development of hamster embryos disturb the normal pattern of mitochondrial clustering at the 2-cell stage, yet the physiological explanation for relocation of mitochondria remains unknown (Bavister and Squirrell, 2000) . The mitochondrial distribution studies in this paper support the previous ®ndings in both the mouse and hamster that localization of mitochondria is of importance to development.
Comparing the mitochondrial distribution patterns qualitatively revealed some differences between the developmentally competent and arrested 2-cell embryos. Systematically extracting image features and using these to analytically evaluate the same group of embryos using case-based reasoning and self-organizing maps indicated extensive differences in the distribution of both low and high polarized mitochondria, and provided us with three orthogonal approaches and statistical analysis evidence to support our qualitative ®ndings. The arrested 2-cell embryos were found to have different mitochondrial distributions compared with the KSOM and HTF cultured embryos. An increase in DYm was also seen in arrested 2-cell embryos, following the same trend as increases seen in fragmented human embryos. There were also large differences in mitochondrial distribution when comparing in vivo and in vitro fertilized mouse embryos using our image analysis system. In terms of mitochondrial distribution, our study con®rms previous ®ndings in which the distribution pattern of mitochondria was altered between arresting and non-arresting embryos in both the mouse and hamster (MuggletonHarris and Brown, 1988; Bavister and Squirrell, 2000) and further suggests that the mode of fertilization and/or the culture environment contributes to alterations in mitochondrial distribution.
In conclusion, this study shows regulated changes in the ratio of high-to low-polarized mitochondria throughout both mouse and human preimplantation development. There seems to be a propensity towards an increased ratio of high-polarized mitochondria in instances of compromised developmental competence, through either developmental arrest or fragmentation. These results corroborate previous studies based on mitochondrial morphology and metabolic activity and show that mitochondria play a decisive role in successful preimplantation development. Further studies are required to directly con®rm whether changes in DYm are the cause or the consequence of morphological development of the germ cell mitochondria and the changing metabolic demands of the developing embryo.
